The aim was to assess myocardial contractility in infants born Ͻ30 wk gestation developing low systemic blood flow (SBF) in the first day, and the effect of dobutamine versus dopamine. Superior vena cava (SVC) flow was used as a measure of SBF at 3, 10, and 24 h (n ϭ 106). Infants with low SVC flow randomized to dopamine or dobutamine. Myocardial contractility was determined by the relationship between left ventricular (LV) mean velocity of circumferential fiber shortening (mVcfs) and wall stress. Infants who developed low SVC flow had significantly worse myocardial contractility at 3 h, but not 10 h. At 24 h, low-flow infants had lower than expected mVcfs for any given LV stress. In 37 infants randomized to inotrope, there was no significant difference in contractility at 10 g/kg/min. At 20 g/kg/min (n ϭ 21), dopamine increased whereas dobutamine decreased LV stress. Infants on dobutamine had significantly lower than expected mVcfs for any given LV stress compared with infants on dopamine. Contractility was not improved by either inotrope at either dose. In conclusion, infants developing low SVC flow in the first day have worse myocardial contractility at 3 h. Neither inotrope increased contractility, but dopamine increased LV stress at 20 g/kg/min. E xtremely preterm infants with low brain and upper body blood flow, as measured by SVC flow, in the first day are at increased risk of late peri/intraventricular hemorrhage (1,2), mortality, and subsequent neurodevelopmental impairment (3). Low SVC flow was associated with infants born at lower gestation, with a higher MAP in the first 12 h and a larger diameter DA at 5 h of age (1). Although infants with low SVC flow frequently had normal BP, they had significantly higher calculated UBVR compared with infants with normal flows. However, calculated vascular resistance is not a direct measure of LV afterload. LV stress is affected by LV dimensions, which are affected by preload, and LV wall thickness (4,5).
xtremely preterm infants with low brain and upper body blood flow, as measured by SVC flow, in the first day are at increased risk of late peri/intraventricular hemorrhage (1, 2) , mortality, and subsequent neurodevelopmental impairment (3) . Low SVC flow was associated with infants born at lower gestation, with a higher MAP in the first 12 h and a larger diameter DA at 5 h of age (1) . Although infants with low SVC flow frequently had normal BP, they had significantly higher calculated UBVR compared with infants with normal flows. However, calculated vascular resistance is not a direct measure of LV afterload. LV stress is affected by LV dimensions, which are affected by preload, and LV wall thickness (4, 5) .
Although LV shortening fraction has been reported to be reduced in shocked and acidotic preterm infants (6) , this measure of LV performance does not take preload or afterload conditions into account and has been reported to be unreliable in preterm infants (7) . In contrast, the relationship between LV mVcfs and LV wall stress (LV stress) has been used as a preload independent measure of LV contractility that takes into account afterload conditions. Myocardial contraction velocity will fall as afterload increases. A steeper negative slope of the regression line of the relationship indicates a more rapidly reducing mVcfs in response to increasing LV stress, or reduced myocardial contractility (4, 8) . Preterm infants have been documented to have reduced LV contractility in the first days after birth compared with term infants (9) , although the relationship to low blood flow states has not been reported. In addition, the effects on myocardial contractility of commonly used inotropes in preterm infants have not been measured in infants with low flow in the first day.
The aim of this study was 1) to examine the relationship between LV mVcfs and wall stress in very preterm infants in the first day with normal and low SVC flows, and 2) to examine the effects of dobutamine and dopamine on this relationship in very preterm infants with low SVC flow in the first day.
METHODS
Cohort study. The study was nested in a two center, prospective cohort study of 128 infants born Ͻ30 wk gestation, the clinical outcomes and blood flow findings of which have been reported previously (2, 10, 11) . Infants were eligible for inclusion if born Ͻ30 wk gestation, were Ͻ12 h after birth, and there was informed parental consent. Infants were excluded if a major congenital or cardiac abnormality was identified, considered by the attending clinician to be nonviable, or if inotrope or indomethacin had been given before enrollment. This report is restricted to 106 infants with an intra-arterial line and who had measurements of LV function performed in the first 24 h. The study was carried out in the Royal Prince Alfred and Royal North Shore Hospital Neonatal Intensive Care Units, Sydney, Australia, between October 1998 and December 1999. The ethics committees of Central Sydney and Northern Sydney Area Health Services approved the study.
Echocardiography was performed on 122 infants at 3 h, 126 infants at 10 h, and 119 infants at 24 h after birth. Invasive BP monitoring was required for calculation of LV wall stress but was unavailable for 25 infants at 3 h, 19 infants at 10 h and 20 infants at 24 h. Measurements of LV function including mVcfs and LV wall stress were available for a total of 106 infants in the first 24 h, including 94 at 3 h, 104 at 10 h, and 97 at 24 h. Technical difficulties with echocardiography or videotape recordings accounted for lost measurements on 3 infants at 3 and 10 h and 2 infants at 24 h.
Randomized trial of dobutamine versus dopamine. Forty two infants with low SVC flow (Ͻ41 mL/kg/min) were enrolled in a blinded randomized trial of volume and dobutamine versus volume and dopamine, from which the effects on blood flow and clinical outcomes have been reported previously (11) . After normal saline, 10 mL/kg, infants were randomized to dobutamine or dopamine, initially at 10, increasing to 20 g/kg/min if SVC flows failed to be maintained Ͼ40 mL/kg/min in the first 24 h. Invasive arterial monitoring using umbilical or peripheral arterial catheters was available in 37 of the 42 infants enrolled. Measurements of myocardial contractility were available for 21 of 22 infants randomized to volume and dobutamine, and 16 of 20 infants randomized to volume and dopamine.
Physiologic and echocardiographic measurements. Physiologic measurements including heart rate, mean BP, and MAP were taken immediately before echocardiography. All BP measurements were taken from an umbilical arterial or peripheral arterial catheter. Mean airway pressure was recorded from the Dräger Babylog 8000 ventilator measured pressure.
Echocardiographic monitoring was performed routinely at 3, 10, and 24 h (cohort study). Echocardiography was also performed on infants enrolled in the trial of volume and inotrope immediately before and after normal saline, and immediately before and 30 min after commencement of inotrope, or change in dose of inotrope. All measurements were performed blind to treatment allocation. An Acuson (Mountain View, CA) 128/XP10 ultrasound scanner was used with a 7 MHz vector array transducer incorporating colour flow and pulsed wave Doppler. The scan was recorded on to VHS videotape and the measurements then taken from the videotape. Structural normality of the heart was established on the initial scan. All eligible infants had echocardiographic measurements of SVC flow, right ventricular output (RVO), color Doppler DA diameter, mVcfs, and LV stress at 3, 10, and 24 h after birth. RVO, SVC flow, and DA diameter were measured as previously reported (12) (13) (14) . Upper body systemic vascular resistance was calculated from BP and SVC flow measurements:
Left ventricular mean velocity of circumferential fractional shortening (mVcfs) was determined by the method described by Berdjis et al. (15) using following formula:
where Ced ϭ end-diastolic circumference; Ces ϭ end-systolic circumference; and ETc ϭ left ventricular ejection time corrected for heart rate [ETc ϭ ET/͌RR interval]. Ced and Ces were measured by tracing the internal circumference of the left ventricle from a two-dimensional image using a short axis view of the left ventricle at the level of the mitral valve leaflets. ETc and the RR interval were measured form the arterial pulse wave trace.
The LV stress was calculated by the method described by Grossman et al. (16) using the following formula:
where Des ϭ end-systolic diameter calculated by dividing Ces by to minimize errors due to irregularity of the left ventricular shape; ESP ϭ end-systolic pressure; and h ϭ left ventricular posterior wall thickness. ESP (mm Hg) was interpreted from the arterial pulse tracing as the pressure at the dicrotic notch. The left ventricular wall thickness (h) was measured from the M-mode short axis view of the left ventricle at the level of the mitral valve leaflets.
Statistics. Data were analyzed using SPPS (SPSS Inc., Chicago, IL). Categorical variables were compared using a two-sided 2 test or Fisher exact test where appropriate. Continuous variables were compared using a twosample t test for parametric and Mann-Whitney U test for nonparametric variables. Myocardial contractility was assessed by examining the scatter plots of mVcfs versus LV stress and determining the slope of best fit using two-stage least squares linear regression analysis. Regression analyses were performed comparing infants who developed low SVC flow (Ͻ41 mL/kg/ min) in the first 24 h to those who maintained SVC flows, and comparing infants who initially received dobutamine to those who received dopamine from before, at 10 and 20 g/kg/min. A second analysis was performed using regression modeling in SAS exploring for possible interactions between inotrope and dose using a model that combined observations across time periods. This allowed the analyses to determine whether changes in contractility were due to changes in slope or position of the regression lines, representing the difference between inotropes for expected value of mVcfs for any given value of LV stress. In both sets of analyses, one extreme outlier was excluded. The combined regression analysis model used terms to adjust for inotrope, difference between inotrope, and dose of inotrope allowing for interactions between inotrope and dose. As not all infants had the dose of inotrope increased to 20 g/kg/min, the final analysis was adjusted for risk factors for failure of response to inotropes including lack of antenatal corticosteroids, gestational age, MAP, and baseline SVC flow (11) .
RESULTS
Cohort study. One hundred and twenty eight infants were enrolled. Measurements of LV function including mVcfs and LV wall stress were available for a total of 106 infants in the first 24 h, including 94 at 3 h, 104 at 10 h, and 97 at 24 h (Table 1) . Forty (42%) of 106 infants developed low SVC flow in the first 24 h. These infants were of significantly lower gestational age, and less likely to be growth restricted, born to mothers who had received antenatal steroids or were on antihypertensives. They were more likely to be transferred ex utero and to have a higher average MAP in the first 12 h. At 3 h, there was a poor correlation (Pearson r ϭ 0.15, p ϭ 0.2) between mean BP and SVC flow, but a strong inverse correlation (Pearson r ϭ -0.90, p Ͻ 0.001) between the log of the calculated UBVR and SVC flow. At 3 h (Table 2) , infants who developed low SVC flow in the first 24 h had a significantly lower mean BP, RVO, and SVC flow, and higher calculated UBVR (0.649 versus 0.414 mm Hg per mL/kg/ min). There was no significant difference in mVcfs or LV stress. However, infants who developed low SVC flow had significantly worse myocardial contractility as measured by the increased slope of the regression equation between LV stress and mVcfs (p ϭ 0.005) ( Table 3 , Fig. 1) .
At 10 h (Table 2 ), 6 of 39 infants who developed low SVC flow in the first 24 h were on inotropes compared with 1 of 65 who maintained SVC flow. The infants who developed low SVC flow in the first 24 h had a significantly lower mean BP, larger diameter DA, and lower SVC flow and RVO at 10 h. Calculated UBVR was significantly higher in the infants with low SVC flow (0.933 versus 0.509 mm Hg per mL/kg/min). There was no significant difference in mVcfs but a significantly lower LV stress (34.98 versus 42.16 g/cm 2 , p ϭ 0.02). The difference in LV stress is similar in magnitude (36.42 versus 42.39 g/cm 2 ) but no longer significant if the six infants on inotropes are excluded. Myocardial contractility was no longer significantly different with the slope of the regression equation nearly identical (p ϭ 0.06) ( Table 3 , Fig. 1) .
At 24 h (Table 2) , all 32 infants who developed low SVC flow were on inotropes with only 3 of these infants still having ). Myocardial contractility was significantly different although the slope of the regression equation was similar (p ϭ 0.009) ( Table 3 , Fig. 1) . The difference is due to a lower mVcfs than predicted for any given LV stress at this time in the infants who had developed low SVC flow.
Trial of dobutamine versus dopamine. Twenty-one infants randomized to volume and dobutamine and 16 infants to volume and dopamine had myocardial contractility measurements performed before and after a dose of 10 g/kg/min was reached. Ten infants randomized to dobutamine and 11 to dopamine had measurements before and after inotrope at a dose of 20 g/kg/min. There were no significant differences between infants randomized to dobutamine and dopamine in baseline cardiorespiratory variables and measures of myocardial contractility (Table 4) .
At 10 g/kg/min, infants randomized to dobutamine had a reduction in calculated UBVR compared with an increase for infants randomized to dopamine, with the difference between inotropes being significant (Table 4) . Changes in mVcfs and LV stress were not significantly different. In regression analysis of LV stress and mVcfs, there was no significant difference in myocardial contractility comparing dobutamine and dopamine at 10 g/kg/min (Table 5 , Fig. 2 ). In addition, there was no significant difference between the regression equations for mVcfs and LV stress from before inotrope to after inotrope at 10 g/kg/min for either dobutamine or dopamine. At 20 g/kg/min, 10 infants randomized to dobutamine had a reduction in LV stress compared with an increase for 11 infants randomized to dopamine with the difference between inotropes being significant (-4.53 versus ϩ 13.13 g/cm 2 , p Ͻ 0.01) ( Table 4) . Changes in mVcfs and calculated UBVR were not significantly different (Table 4 ). In regression analysis of LV stress and mVcfs (Table 5 , Fig. 2 ), there was a significant difference in myocardial contractility between infants on dobutamine and infants on dopamine (p ϭ 0.02). These findings were not affected by adjusting for gestational age, a complete course of antenatal corticosteroids, and baseline MAP and SVC flow.
An analysis of myocardial contractility at the highest dose reached included all infants (Table 5) . At the highest dose of inotrope reached (10 or 20 g/kg/min), there was no significant difference (p ϭ 0.4) in myocardial contractility (relationship between mVcfs and LV stress) between infants receiving dobutamine or dopamine (Fig. 2) .
Dopamine versus dobutamine: combined regression analysis-mVcfs versus LV Stress. Using the combined regression model described in methods, there was no significant difference between inotrope groups before infusion (difference between inotropes ϭ -0.055 circ/s, SE ϭ 0.073, p ϭ 0.5) or at 10 g/kg/min (difference ϭ 0.092 circ/s, SE ϭ 0.083, p ϭ 0.3), but there was a significant difference at 20 g/kg/min 
The slope was constant across all time periods, and was estimated to be mVcfs ϭ -0.00981 * LV stress (SE ϭ 0.00176, p Ͻ 0.0001). Hence, the expected value of mVcfs decreases 0.00981 circ/s per 1 g/cm 2 increase in LV stress. The difference between inotropes at 20 g/kg/min is due to a reduction in expected mVcfs in infants on dobutamine for any given LV stress compared with infants on dopamine. These findings were not affected by adjusting for gestational age, a complete course of antenatal corticosteroids, and baseline MAP and SVC flow.
DISCUSSION
This study has shown that infants who develop low SBF in the first day have significantly worse LV contractility in response to higher wall stress. We have previously reported that very premature infants are at high risk of developing low SBF in the first 24 h (1,2,13) . To overcome the problem of shunts across the adapting heart confounding ventricular outputs as a measure of SBF (13, 14, 17) , we have used SVC flow as a measure of upper body and brain blood flow that is not affected by these shunts (1, 12) . Low SVC flow was a consistent and significant risk factor for infants developing late peri/intraventricular hemorrhage, neonatal mortality (1,2) and subsequent neurodevelopmental impairments (3). These low SVC flows were associated with lower gestation age at birth, higher MAP, and larger diameter DA in the first hours, as well as a high calculated UBVR (1,2). However, it has been unclear as to whether the higher calculated UBVR is a compensatory mechanism for low SBF to maintain blood flow to vital organs ("compensated shock"), or whether the increased vascular resistance is a contributory factor with high vascular resistance leading to low cardiac output and organ blood flow in extremely premature infants with poor myocardial contractility. For this reason, in this study we decided to use direct preload independent measures of myocardial contractility that account for afterload to directly measure the response of the left ventricle to varying after-loads in a population of infants, many of who developed low SBF as measured by SVC flow. It has previously been reported that preterm infants have lower myocardial contractility than term infants at 6 h of age (9) . However, the relationship to SBF and response to inotropes has not been reported in extremely preterm infants.
Infants who developed low SVC flow in the first 24 h had significantly worse myocardial contractility at 3 h of age as measured by an increased negative slope of relationship between mVcfs and LV stress. This was despite there being no significant difference in the average mVcfs and average LV stress between infants with and without low flow. This strongly suggests that the problem in extremely premature infants who develop low flow is inability to maintain left ventricular velocity of contraction against the increased afterload found in the early postnatal period. High systemic vascular resistance may be a compensatory mechanism for low SBF, but the presence of poor myocardial contractility at 3 h before many developed low flow suggests it is also a contributing factor. The difference in myocardial contractility was also significant at 24 h, but did not reach significance at 10 h.
The relationship is confounded at these times by the use of inotropes and the potential for myocardial adaptation over time. At 3 h, low-flow infants had a greater than expected reduction in mVcfs as LV stress increased (i.e. increased slope of the regression line). However, by 24 h the difference in contractility is associated with a lower than expected mVcfs at all levels of LV stress (change in position of regression line). This suggests there has been a global deterioration in myocardial function over time in infants with low SVC flow. This may reflect myocardial immaturity (18 -20) or injury.
We have previously reported that over 40% of infants with low SVC flow failed to respond or maintain SVC flow on either dopamine (32%) or dobutamine (55%) (11) . The use of inotropes did not change the slope of the relationship between mVcfs and LV stress at 10 or 20 g/kg/min. At 20 g/kg/min there was evidence that the expected mVcfs for any given LV stress was lower for infants on dobutamine, but this analysis is restricted to 21 infants with persisting low SVC flow who progressed to the higher dose. When infants were compared at the highest dose reached, there was again no difference in myocardial contractility between infants on dobutamine or dopamine. Of note is that there was no improvement in myocardial contractility in infants on either inotrope, with trends to deterioration at increasing dose. In addition, dobutamine produced a significant decrease in calculated UBVR at a dose of 10 g/kg/min, whereas dopamine produced a significant increase in LV stress at 20 g/kg/min. At this dose, there was a trend to falling SVC flow. These were short-term assessments of the effects of inotropes on flow and contractility. At 24 h, infants on dobutamine had a significantly greater RVO than infants on dopamine (11) . Further research is needed to determine whether treating hypotension with higher doses of dopamine is safe over the first day, or whether this strategy will lead to a subsequent reduction in systemic and organ blood flows due to poor myocardial contractility resulting in "decompensated" shock.
Methodological strengths of this study include the relatively large sample size for an echocardiographic study in preterm infants, measurements of myocardial contractility at 3 h preceded the development of low SVC flow for most infants, and inotrope interventions were blinded by use of identically labeled syringes resulting in contractility measurements being blinded to treatment allocation. However, not all infants randomized to inotrope had the dose increased to 20 g/kg/min making these observations potentially biased. We have exercised caution in interpreting differences in effect at this dose although adjusting this analysis for risk factors for nonresponse (lower gestation, incomplete antenatal steroids, baseline MAP and SVC flow) did not affect this conclusion. Infants had echocardiographic measurements 30 min after change of dose of inotrope. We speculate that substantially increasing LV stress in extremely premature infants in the first day is likely to result in substantial falls in systemic and organ blood flows. Further blinded, randomized studies are needed to determine the effect of inotropes over the first day. Finally, measurements of LV dimensions in extremely premature infants are difficult, although intra-and interobserver reliability have previously been reported to be good. Intra-and interob-339 HEART FUNCTION IN PREMATURE INFANTS server reliability could not be conducted in the context of this interventional study given the small size of the infants and the frequency of echocardiography. The substantial variability in measurements is evidenced in the scatter plots of mVcfs versus LV stress (Figs. 1 and 2 ) and the wide standard deviations for mVcfs and LV stress ( Table 2 and Table 4 ). This variability will include both substantial between infant variability and measurement error. Difficulties with measurement include the elliptical shape of the extremely preterm infant left ventricle and variability of LV topography impacting on accuracy of tracings of LV circumferential dimensions and wall thickness. The differences in contractility between infants with low and normal flows are unlikely to be biased by measurement. However, important differences between inotropes may not have been detected by measurements with substantial variability.
Identification of the mechanisms of low SBF in extremely preterm infants in the first day offers a therapeutic opportunity. Infants who develop low SVC flow are born more immature, ventilated with higher MAP (1,2,13) and have a larger diameter DA (1, 21) in the first hours. They have higher systemic (1,2) and pulmonary (13) vascular resistances and poor myocardial contractility. Many do not respond to inotropes (11) , with no improvement in myocardial contractility observed with either inotrope in this study, suggesting an immaturity of the extremely preterm infant's myocardium (18) . Infants that fail to respond are less likely to have received a complete course of antenatal steroids (11) . Potential therapeutic options are limited with a need to identify antenatal strategies for maturing the infant's myocardium, postnatal strategies to reduce the effect of ventilatory management on SBF, and the use of cardiovascular treatments to prevent low SBF. We are currently studying the effect of milrinone (a phosphodiesterase inhibitor with "inodilator" properties) with the goal of preventing SBF (22) , given that milrinone has been used to treat (23) and prevent (24) low cardiac output syndrome after cardiac surgery, a condition that shares many of the hemodynamic features with that found in the extremely premature infant in the first day.
In conclusion, infants who develop low SVC flow in the first day have significantly worse myocardial contractility. Neither dopamine nor dobutamine produces an improvement in myocardial contractility in preterm infants in the first day after birth. At 20 g/kg/min, dopamine substantially increases LV afterload. Further research is required to validate the accuracy of these measurements of myocardial contractility in preterm infants, and to reproduce these findings in another preterm infant population with low SBF.
